The Watson-Crick-like isoG-isoC (iGiC) pair, with the amino and carbonyl groups transposed relative to the Watson-Crick GC pair, provides an expanded alphabet for understanding interactions that shape nucleic acid structure. Here, thermodynamic stabilities of tandem GA pairs flanked by iGiC pairs are reported along with the NMR structures of the RNA self-complementary duplexes (GCiGGAiCGCA) 2 and (GGiCGAiGCCA) 2 . A sheared GA pairing forms in (GCiGGAiCGCA) 2 , and an imino GA pairing forms in (GGiCGAiGCCA) 2 . The structures contrast with the formation of tandem imino and sheared GA pairs flanked by GC pairs in the RNA self-complementary duplexes (GCGGACGC) 2 and (GGCGAGCC) 2 , respectively. In both iGiC duplexes, Watson-Crick-like hydrogen bonds are formed between iG and iC, and iGiC substitutions result in less favorable loop stability. The results provide benchmarks for testing computations of molecular interactions that shape RNA three-dimensional structure.
Introduction
Understanding the sequence-dependent interactions and thermodynamics of small RNA motifs can facilitate prediction of RNA secondary 1,2 and three-dimensional structure and, thus, functional significance. The stability [1] [2] [3] [4] [5] [6] [7] and three-dimensional structure [7] [8] [9] [10] [11] [12] [13] [14] [15] of RNA tandem GA pairs are dependent on sequence context. Tandem sheared GA (trans Hoogsteen/Sugar edge A-G) pairs ( Figure 1 ) form with cross-strand base stacking in the symmetric contexts (CGAG) 2 with a loop free energy of -0.7 kcal/mol 1, 3, 8 and (UGAA) 2 with a loop free energy of 0.7 kcal/mol. 1, 4, 11 Tandem imino GA (cis Watson-Crick/WatsonCrick A-G) pairs (Figure 1 ) form in the symmetric context (GGAC) 2 with a loop free energy of -2.5 kcal/mol. 1, 4, 9 These results suggest that base stacking interactions (e.g., Coulombic and overlap) determine the hydrogen-bonding patterns of RNA tandem GA pairs in these internal loops. 7, 9, 16 Different shapes of GA pairs, in turn, provide different molecular features, e.g., van der Waals and electrostatic surface and hydrogen bonding donors and acceptors, for higher-order RNA folding and molecular recognition. [13] [14] [15] [17] [18] [19] The Watson-Crick-like isoG-isoC (iGiC) pair, with the amino and carbonyl groups transposed relative to the WatsonCrick GC pair, provides an expanded alphabet [20] [21] [22] [23] [24] [25] [26] for further understanding interactions that shape nucleic acid structure ( Figure 1 ). 7, [25] [26] [27] [28] [29] [30] [31] [32] Here, thermodynamic studies of tandem GA pairs flanked by iGiC pairs are reported, along with NMR structures of the RNA duplexes (GCiGGAiCGCA) 2 and (GGiCGAiGCCA) 2 . NMR restrained molecular dynamics and energy minimization of (GCiGGAiCGCA) 2 reveal a conformation of tandem sheared GA pairs closed by Watson-Crick-like iGiC pairs. This contrasts with the NMR structure of tandem imino GA pairs in (GCGGACGC) 2 . 9 The loop free energy of (iGGAiC) 2 with sheared GA pairs is -0.7 kcal/mol, on average, at 37°C in 1 M NaCl, which is less favorable than the -2.5 kcal/mol for (GGAC) 2 with imino GA pairs. NMR restrained modeling of (GGiCGAiGCCA) 2 reveals a predominant conformation of tandem imino GA pairs closed by Watson-Cricklike iGiC pairs, although at least one other conformation is also sampled. This contrasts with the NMR structure of tandem sheared GA pairs in (GGCGAGCC) 2 . 8 The loop free energy of (iCGAiG) 2 with imino GA pairs is +0.7 kcal/mol, on average, at 37°C in 1 M NaCl, which is less favorable than the -0.7 kcal/mol found for (CGAG) 2 with sheared GA pairs. Thus in both cases, the iGiC substitutions produce less favorable stability and change the shape of the internal loop. Presumably, stability would be even less favorable if the shape were maintained. The results provide benchmarks for testing methods that predict RNA stability and structure.
UV Melting Experiments and Thermodynamics.
Concentrations of single-stranded oligoribonucleotides were calculated from the absorbance at 280 nm at 80°C, and extinction coefficients predicted from those of dinucleotide monophosphates and nucleosides 36, 37 with the RNAcalc program (http:// www.meltwin.com). 38 The extinction coefficients were estimated by replacing iG with G and iC with C. This approximation is within experimental error of measured extinction coefficients. 27 The buffer for UV melting was 1 M NaCl, 20 mM sodium cacodylate, and 0.5 mM disodium EDTA at pH 7. Curves of absorbance at 280 nm versus temperature were acquired using a heating rate of 1°C/min with a Beckman Coulter DU640C spectrophotometer having a Peltier temperature controller with water flow.
Melting curves were fit to a two-state model with the MeltWin program (http://www.meltwin.com), assuming linear sloping baselines and temperature-independent ∆H°and ∆S°. [38] [39] [40] Additionally, the temperature in kelvin at which half the strands are in duplex, T M , at total strand concentration, C T , was used to calculate thermodynamic parameters for self-complementary duplexes according to 41 Here, R is the gas constant, 1.987 cal/mol‚K. All of the ∆H°v alues from T M -1 versus ln(C T ) plots and from the average of the fits of melting curves to two-state transitions agree within 12%, suggesting that the two-state model is a reasonable approximation for these transitions. All the transitions have T M 's that are dependent on C T , which indicates duplex formation instead of hairpin. The equation ∆G°3 7 ) ∆H°-(310.15)∆S°w as used to calculate the free energy change at 37°C (310.15 K).
NMR Sample Preparation. With minor modification, RNA sample preparation was similar to that previously reported. 14, 42 The buffer was 80 mM NaCl, 10 mM sodium phosphate, 0.5 NMR Spectroscopy. Exchangeable and nonexchangeable proton spectra were acquired on Varian Inova 500 and 600 MHz ( 1 H) NMR spectrometers. 43 One-dimensional imino proton spectra were acquired in 9:1 (v:v) H 2 O/D 2 O with an S-shaped excitation pulse 43 at temperatures ranging from -5 to 40°C. Two-dimensional SNOESY spectra were recorded with 100 and 150 ms mixing times at various temperatures between -5 and 30°C. NOESY spectra of samples in D 2 O were acquired at 30°C for (GCiGGAiCGCA) 2 , and at 5 and 42°C for (GGiCGAiGCCA) 2 with 100, 200, and 400 ms mixing times. TOCSY spectra were acquired at 5, 30, and 42°C with 8, 20, 40, and 100 ms mixing times. Exchangeable proton TOCSY spectra of (GCiGGAiCGCA) 2 were acquired at -5 and 0°C. The 1 H-31 P HETCOR and natural abundance 1 H-13 C HMQC spectra were acquired at 30°C for (GCiGGAiCGCA) 2 and at 5 and 42°C for (GGiCGAiGCCA) 2 . The 1D 1 H-decoupled 31 P spectra of (GCiGGAiCGCA) 2 were acquired on a Bruker Avance 500 MHz ( 1 H) NMR spectrometer at 30°C and referenced to an external standard of 85% H 3 PO 4 at 0 ppm. Proton spectra were referenced to H 2 O or HDO at a known temperature-dependent chemical shift relative to 3-(trimethylsilyl) tetradeuterosodium propionate (TSP). The Felix (2000) software package (Molecular Simulations Inc.), NMRPipe, and Sparky were used to process and analyze 2D spectra.
NMR Restraint Generation. A total of 12 hydrogen bond distance restraints limiting hydrogen-bond donor and acceptor distances were applied for the four GC pairs (GH1-CN3, 1.8-2.5 Å; GO6-CN4, 1.8-3.5 Å; and GN2-CO2, 1.8-3.5 Å), but no hydrogen bond restraints were used for the loop residues, 
including iGiC pairs. Dihedral angles of the backbones were loosely restrained on the basis of 1 H-31 P HETCOR, DQF-COSY, and TOCSY spectra: 44, 45 R (0 ( 120°) (with tandem GA pairs not restrained), (180 ( 30°) (tandem GA pairs not restrained), γ (60 ( 30°), δ (85 ( 30°, the tandem GA pairs and 3′-end dangling A restrained to cover both C2′-endo and C3′-endo conformations (122.5 ( 67.5°)), (-140 ( 40°; the G of the tandem GA pairs restrained to cover both trans and gauche -(-135 ( 60°); and the A of the tandem GA pairs not restrained), (0 ( 120°, the tandem GA pairs not restrained), and (-170 ( 40°, the tandem GA pairs restrained to be -120 ( 90°). No base planarity restraints were applied. In summary, a total of 196 distance restraints (104 intranucleotide, 92 internucleotide, 24 cross-strand), including hydrogen bond restraints, and 104 dihedral angle restraints were used for the structure modeling of the RNA duplex (GCiGGAiCGCA) 2 (Supporting Information Table S1 ). A total of 186 distance restraints (94 intranucleotide, 92 internucleotide, 28 cross-strand) and 104 dihedral angle restraints were used for the structure modeling of (GGiCGAiGCCA) 2 (Supporting  Information Table S3 ). No symmetry constraint was imposed, although the duplexes are self-complementary.
Structural Modeling. NMR restrained molecular dynamics and energy minimization were performed in vacuum without counterion and solvent with the Discover 98 package on a Silicon Graphics computer. The starting structures of (GCiGGAiCGCA) 2 and (GGiCGAiGCCA) 2 were generated by modifying A-form-like RNA duplexes in the Biopolymer module of Insight II (2000). The partial charges for atoms of iG and iC were calculated as previously described. 7, 46, 68 Other force field parameters for iG and iC were those previously described. 27 The modified AMBER 95 force field 46 was used with the addition of flat-bottom restraint pseudopotentials, with force constants of 25 kcal/(mol‚Å 2 ) for NOE distance restraints and 50 kcal/(mol‚rad 2 ) for torsion angle restraints and with a maximum force of 1000 kcal/mol. Group-based summation with an 18 Å cutoff was used for calculating van der Waals interactions. The cell-multipole method, 47 with distancedependent dielectric constant ( ) 2r), was used for calculating electrostatic interactions. The progression of the structure simulation was the same as previously reported. 14, 29, 42 Figures 1 and 5 were generated with the PyMOL program. 48 The NMR structures are deposited in the Protein Data Bank with entries 2O81 and 2O83.
Results
Thermodynamics. Measured thermodynamic parameters for duplex formation at 1 M NaCl are listed in Table 1 . Thermodynamic parameters for formation of the internal loops (Table  2) were calculated from measured parameters of duplexes according to the following equation: 49 For example, Here, ∆G°3 7
CGiC AG iGCG GCiG GA iCGC is the measured value of the duplex containing the internal loop (Table 1) , ∆G°3 7
CGiCiGCG
GCiGiCGC is the measured value of the duplex without the loop, 27 and ∆G°3 7 iCiG iGiC is the free energy increment for the nearest neighbor base stack interaction interrupted by the internal loop. 27 ∆H°l oop and ∆S°l oop Figure 2 . One-dimensional exchangeable proton NMR spectra of (GCiGGAiCGC)2 and (GCiGGAiCGCA)2 at -5°C and (GGiCGAiGCC)2 and (GGiCGAiGCCA)2 at 5°C. Imino proton peaks are marked with the residue name. Peaks due to a minor conformation are marked with an asterisk.
are calculated similarly. All the thermodynamic parameters used in this calculation are derived from T M -1 versus ln(C T ) plots (eq 1).
The stability increment of a single 3′-dangling A in the motif of G CA at the end of a Watson-Crick helix is -1.7 kcal/mol at 37°C in 1 M NaCl, 50,51 which was applied twice for (GCiGiCGCA) 2 to calculate the free energy for formation of the internal loop (iGGAiC) 2 in (GCiGGAiCGCA) 2 .
NMR Assignments and Structural Features. The 1D 31 P and 1 H-31 P HETCOR spectra reveal that all eight phosphorus resonances are within 1 ppm for (GCiGGAiCGCA) 2 and (GGiCGAiGCCA) 2 , indicating no structure with severe backbone distortion. Thus, the sequences form self-complementary RNA duplexes, which is consistent with the dependence of UV melting temperatures on RNA total strand concentration.
Almost all proton and phosphorus NMR resonances were unambiguously assigned essentially as described previously 14, 42, 44, 45 using TOCSY, DQF-COSY, 1 H-31 P HETCOR, NOESY, and natural abundance 1 H-13 C HMQC spectra. Because the duplexes are self-complementary, each resonance is due to two residues that have identical chemical shifts. Exchangeable proton 1D NMR spectra are shown in Figure 2 and were assigned by analysis of 2D SNOESY spectra 43, [52] [53] [54] ( Figure 3 ). Proton assignments are listed in Tables S2 and S4 of the Supporting Information. Formation of Watson-Cricklike iGiC pairs is consistent with the resonance of the iG imino protons in both duplexes near 13 ppm and a pair of resonances near 7 and 10 ppm for iG amino protons. When the iG amino is not hydrogen-bonded in a DNA iGT wobble pair, only a single resonance of iG amino protons at 7.35 ppm is observed. 31 The iC amino protons were not clearly resolved in either (GCiGGAiCGCA) 2 or (GGiCGAiGCCA) 2 , although a broad resonance in (GCiGGAiCGCA) 2 at ∼8.75 ppm shows a crosspeak to iC6H1′. Both duplexes exhibit an NOE contact between iCH1′ and iGH1, presumably due to spin diffusion through iC amino protons in the iGiC Watson-Crick-like pair. Similar observations of amino protons of iG and iC in RNA and DNA were reported previously. 27, 32 In (GCiGGAiCGCA) 2 , the crosspeaks of iG3 amino-G4H1, iG3H1-G4 amino, iG3H1-G4H1′, iG3H8-G4H8, and typical A-form NOE contacts between C2 and iG3 (Supporting Information Table S1 ) further indicate formation of Watson-Crick-like iGiC base pairs. In (GGiCGAiGCCA) 2 , Watson-Crick-like iGiC base pairs are also indicated by cross-peaks of iG6 amino-C7 amino, iG6H1-G2*H1, and typical A-form NOE contacts between G2 and iC3 (Supporting Information Table S3 ). Despite the evidence indicating Watson-Crick-like iGiC pairs, no hydrogen-bonding restraints were used for the iGiC pairs in the structural modeling. . SNOESY spectra of (GCiGGAiCGCA)2 at -5°C (top) and (GGiCGAiGCCA)2 at +5°C (bottom) with a mixing time of 150 ms in 80 mM NaCl, 10 mM sodium phosphate, 0.5 mM Na2EDTA, pH 7.1. Intrastrand cross-peaks are labeled in red and cross-strand crosspeaks are labeled in green. Cross-peaks to atoms that are not explicitly identified are to amino protons of the corresponding base. Cross-peaks due to exchange with a minor conformation are enclosed in blue boxes. /H2 ) region of the 400 ms mixing time NOESY spectra of (GCiGGAiCGCA)2 at 30°C (top) and (GGiCGAiGCCA)2 at 5°C (bottom) in 80 mM NaCl, 10 mM sodium phosphate, and 0.5 mM Na2EDTA, pH 7.1. Cross-strand cross-peaks are labeled in green. The H5-H6 cross-peaks of C and iC residues are labeled in red.
The base-(H1′/H5) "NOESY walk" regions of the 400 ms NOESY spectra in D 2 O are shown in Figure 4 . The cross-strand cross-peak A9H2-G1*H1′ (asterisk represents cross-strand nucleotide) observed in both duplexes (with NMR distance of ∼4.5 Å) is consistent with the stacking of A9 on the terminal base pair ( Figure 5 ) and thermodynamic stabilization of -1.5 kcal/mol per 3′ dangling A of (GCiGGAiCGCA) 2 at 37°C in 1 M NaCl ( Table 1 ). The favorable stacking of G CA is also largely maintained in three-dimensional structures of large RNA. 72 The 2′-hydroxyl protons were assigned in (GCiGGAiCGCA) 2 by combined analysis of exchangeable proton TOCSY and SNOESY spectra because they usually show scalar coupling with their own H2′ and NOE contact with their own H2′ and H1′. Most 2′-hydroxyl protons resonate between 6.5 and 7.5 ppm, which is similar to published results. 55, 56 The G4 2′-hydroxyl proton resonates at 5.83 ppm and shows a strong TOCSY cross-peak with G4H2′, which might be enhanced due to slow water exchange of the G4 2′-hydroxyl proton caused by a cross-strand hydrogen bond to the A5 amino (Table 3) . 55 No distance or dihedral angle restraints involving 2′-OH were generated for structural modeling.
The G4 in both (GCiGGAiCGCA) 2 and (GGiCGAiGCCA) 2 shows weak (2-5 Hz) H1′-H2′ coupling, as indicated by the G4H1′-H2′ TOCSY cross-peak that is comparable to the A9H1′-H2′ and G1H1′-H2′ cross-peaks ( Figure S4 ), suggesting that the G4 ribose ring samples both C2′-and C3′-endo conformations. No direct evidence of C2′-endo conformation was noted for A5 or the iGiC residues in either duplex. Nonetheless, the dihedral angle restraints used in structural modeling allowed both sugar puckers for all loop residues. In the resulting models, all loop residues exhibit C3′-endo conformation. NMR restrained modeling and energy minimization of (GCiGGAiCGCA) 2 reveal a symmetric internal loop of tandem sheared GA pairs closed by Watson-Crick-like iGiC pairs. Such a conformation is consistent with cross-strand NOE contacts of G4 amino-G4*H2′/H1′, G4H1-G4*H2′/H1′, G4 amino-A5* amino, G4 amino-A5*H8, A5 amino-A5*H8, and A5H2-A5*H1′. Here, the asterisks represent cross-strand nucleotides. The strong A5H2-A5*H1′ cross-peak, with NMR distance ∼2.7 Å indicates cross-strand base stacking between two A's in tandem GA pairs. This contrasts with a weak cross-strand A5H2-A5*H1′ cross-peak, with an NMR distance of ∼4.1 Å, that was observed in (GCGGACGC) 2 , which contains tandem imino GA pairs with substantial intrastrand base stacking. 9 Several exchangeable proton cross-peaks with potential spin diffusion effects were not used to generate distance restraints.
A total of 18 of 20 modeled low-energy structures of (GCiGGAiCGCA) 2 were selected for analysis. Two of the modeled structures were deleted on the basis of NMR restraint violations and the calculated total energy values. The average of total energies for the selected 18 structures is -397.8 ( 2.4 kcal/mol with the two deleted ones at -367.0 and -386.7 kcal/ mol. The average root-mean-square deviation of all selected structures to the average structure for all atoms is 0.30 ( 0.04 Å. No distance or dihedral angle restraint violations were greater than 0.1 Å or 1°, respectively. The average structure is shown in Figure 5a .
The NMR spectra of (GCiGGAiCGCA) 2 contain weak, sometimes broad additional resonances, indicating a second conformation with less than 10% population (e.g., Figure 2 ). Conformational exchange cross-peaks are observed for iG3H1, G4H1, and G7H1 in the 2D SNOESY spectrum in Figure 3 (top) and for iC6H1′, iC6H5, and G4H1′ in a 2D ROESY spectrum at 5°C ( Figure S3 ). The chemical shifts of protons in the major and minor conformations are listed in Table S2 . There is not enough information to provide any definite conclusions about the minor conformation.
In contrast to the sheared GA pairs observed in (GCiGGAiCGCA) 2 , NMR restrained modeling and energy minimization of (GGiCGAiGCCA) 2 reveal a predominant symmetric internal loop of tandem imino GA pairs closed by Watson-Crick-like iGiC pairs. This conformation is consistent with medium to strong NOE contacts for G4H1-A5*H2 (∼2.7 Å) and G4 amino-A5*H2 (∼2.4 Å), and a weak NOE contact for A5H2-A5*H1′. The GH1 imino and the AH2 protons are expected to be less than 2.5 Å apart in the imino hydrogenbonded conformation, whereas for sheared GA pairs, this distance is greater than 9 Å. The weak A5H2-A5*H1′ NOE contact is similar to that observed in (GCGGACGC) 2 , which contains tandem imino GA pairs, and is also similar to that observed between AH2 and the H1′ proton 3′ of the U in a canonical AU pair in A-form RNA. Finally, the chemical shift of the G4H1 imino proton (11.5 ppm, Figure 2 ) is substantially downfield from that commonly observed for sheared GA pairs, including (GCiGGAiCGCA) 2 , suggesting involvement in a hydrogen bond.
NMR spectra also indicate that (GGiCGAiGCCA) 2 exists in more than one conformation. The average population of the minor conformation at 5°C is estimated as 21 ( 5% from the area of minor resonances in 1D spectra of the imino proton region (Figure 2 ) and the volume in 2D TOCSY spectra of pyrimidine H5-H6 cross-peaks ( Figure S1 ). The chemical shifts of protons in the major and minor conformations are listed in Table S4 ; the protons that exhibit the largest chemical shift differences are in or near the internal loop. NOESY and TOCSY cross-peaks between the same protons in the two conformations (generally near the diagonal) indicate conformational exchange occurs on a time scale comparable to or shorter than the mixing time ( Figure 3 and Figure S1 ). Changes in chemical shift and 4 ,40 c Calculated from data in refs. 3, 40 line width as a function of temperature ( Figure S2 ) reflect changes of the conformational exchange rate. Analysis of the temperature dependence 57, 58 of signals from iG6H8 and A5H1′ suggests the exchange rate varies from ∼150 s -1 at 0°C to ∼20 000 s -1 at 50°C. No NOE contacts are observed among minor conformation resonances, so no distance restraints can be obtained for the minor structure.
A total of 18 of 20 modeled low-energy structures of (GGiCGAiGCCA) 2 were selected for analysis. Two modeled structures were deleted on the basis of NMR restraint violations and the calculated total energy values. The average of total energies for the 18 selected structures is -379.8 ( 1.9 kcal/ mol, with the deleted ones at -375.3 and -374.6 kcal/mol. The average root-mean-square deviation of all selected structures to the average structure for all atoms is 0.35 ( 0.05 Å. No distance or dihedral angle restraint violations were greater than 0.1 Å or 1°, respectively. The average structure is shown in Figure 5b .
Discussion
The physical-chemical nature of RNA sequences determines the interactions accounting for three-dimensional conformation, stability, and function. The effect of flanking Watson-Cricklike iGiC pairs on the structure and thermodynamics of tandem GA pairs provides a model system for better understanding such relationships.
The most dramatic result from this study is that substituting iGiC pairs for GC pairs adjacent to tandem GA pairs changes the shape of the GA pairs (Figures 5 and 6 ). In particular, the (GGAC) 2 motif has imino GA pairs, 9 whereas (iGGAiC) 2 has sheared GA pairs. The (CGAG) 2 motif has sheared GA pairs, 8 whereas (iCGAiG) 2 has imino GA pairs in its predominant structure. Because the iGiC pairs are isosteric with GC pairs, this indicates that the structure of the GA pairs is not dependent on the possible overlap area with the adjacent base pairs. At least three other types of interaction may explain the observed sequence dependence. It has been suggested that a stabilizing hydrogen bond could form between a nonplanar amino group of the G in an imino GA pair and the carbonyl of the C in a 5′GG/3′CA stack. 59 This interaction is not available in the 5′iGG/ 3′iCA stack, but a similar interaction might form between a nonplanar G4 amino group and the N3 of iG6 in the 5′iCG/ 3′iGA stack of (GGiCGAiGCCA) 2 when the GA is in an imino conformation (see Figure 6 ). The structures generated from NMR data do not contain this type of interaction because nonplanar amino groups are not favored by the force field. The second type of interaction that may determine the shape of the GA pairs is the electrostatic interaction between partial charges on the bases. Figure 1 shows the calculated partial charges, 7, 46, 68 and Figure 6 illustrates the electrostatic potential between base pairs due to the partial charges. Many atoms of each base have large partial charges, and the relative positions of these partial charges between stacked bases will be a determinant of the free energy of a structure. A third possibility is specific solvation and metal ion binding to the various motifs.
The thermodynamics of the RNA internal loops also change when iGiC pairs are substituted for GC pairs. The loop free energy increment becomes less favorable by ∼1.6 kcal/mol when iGiC is substituted for GC in the pairs adjacent to GA in both (GGAC) 2 and (CGAG) 2 (see Table 2 ). In both cases, the structure of the GA pairs changes, indicating that the thermodynamic stability would be even less favorable if the structure were maintained.
Although the switches between imino and sheared GA pairs are the most dramatic effects observed, the structures presented here also provide new examples of more subtle structural effects. For example, the sugar puckers of the G in the GA pair of the (iGGAiC) 2 and (iCGAiG) 2 motifs are a mixture of C3′-and C2′-endo, whereas only C3′-endo sugar puckers were observed for the G of GA pairs in (GGAC) 2 and (CGAG) 2 . 8, 9 In contrast, the sugar pucker is C2′-endo in the (UGAA) 2 motif, and it has been suggested that the sugar pucker and the base-backbone hydrogen-bonding pattern correlate with the stability of the internal loop. 11, 60 This is also consistent with the mixed sugar pucker observed here for the (iCGAiG) 2 loop and with observations on tandem GA pairs closed by GU pairs. 15 The current results, however, suggest this is not a strict correlation because the (iGGAiC) 2 internal loop has a favorable free energy increment, but the G has a mixture of C3′ and C2′-endo sugars. Nonetheless, loop stability and sugar pucker are correlated for the GC-to-iGiC replacements. The replacements result in decreased loop stability and increased C2′-endo population, despite the fact that iGiC and GC pairs have the same number of hydrogen bonds and similar stability. 27 A variety of hydrogen bonds can form with sheared GA pairs, and there can be a dynamic interchange between them. 61 Table  3 lists some hydrogen bond distances that have been reported in NMR and crystal structures of duplexes with tandem sheared GA pairs. 8, 62 The A5 N7-G4* amino hydrogen bond is relatively short in all but one case. In contrast, the G4 N3-A5* amino hydrogen bond is quite variable and particularly long in the (iGGAiC) 2 motif. In fact, the distance of roughly 3.4 Å in the latter case is outside the range associated with hydrogen bonds. 63 All the structures in Table 3 have a C3′-endo sugar pucker for 62 d When 2-fold symmetry was not applied in the structural modeling, potential hydrogen bond distances are given with the hydrogen bond donors (or acceptors) from the same strand always on the same side of the slash. e Additional potential intrastrand hydrogen bonds in the (GCiGGAiCGCA)2 duplex, with all of the hydrogen bond acceptors on the left side of the dash, are A5 O4′-G4 2′OH (2.47/2.41), A5 O5′-G4 2′OH (2.03/2.03), iC6 2′OH-iC6 amino (2.31/2.39), iC6 OP-A5 2′OH (2.03/2.38), G7 O4′-iC6 2′OH (2.26/2.37), and G7 O5′-iC6 2′OH (2.00/2.15). An interaction that may stabilize the imino conformation of (GGiCGAiGCCA)2 is the G4 O4′-iC3 2′OH hydrogen bond (2.09/2.13 Å). This backbone interaction is occasionally observed in RNA.
70,71 Formation of these additional potential hydrogen bonds is probably force-field-dependent because very few restraints are applied for backbones. All potential hydrogen bond distances are shown, although they do not necessarily form in all structures generated. the G in the tandem sheared GA pairs, resulting in similar basebackbone hydrogen bonds. Interestingly, the (iGGAiC) 2 motif structure reported here has the shortest A5 OP-G4* amino hydrogen bond, perhaps compensating for the long G4 N3-A5* amino "hydrogen bond". The A5 OP-G4* amino hydrogen bond in both solution NMR models is considerably shorter than that in all the crystal structures. This could reflect the force field used for modeling and/or it could reflect packing effects in the crystals.
Although no distance restraints were obtained that could help define the minor conformation of (GGiCGAiGCCA) 2 , three pieces of evidence point to the possibility that the GA pairs transiently sample a sheared-type conformation. In the minor conformation, (1) the iG6H1′ proton is shifted 1.27 ppm upfield relative to the major conformation ( Figure S1 and Table S4 ), consistent with the shift induced by the adenine ring of a sheared GA pair, as observed for iC6H1′ in (GCiGGAiCGCA) 2 and other structures; 8, 14, 64 (2) the G4 imino proton is shifted upfield to 9.8 ppm (Figure 2, 3 , and Table S4 ), consistent with an imino proton not involved in a hydrogen bond; and (3) the G4 ribose ring is observed to exist partially in the C2′-endo conformation ( Figure S4) , consistent with the observation that in several structures involving thermodynamically less stable sheared GA pairs, the G ribose is found to be in the C2′-endo conformation. 11, 14, 15, 60, 64 It cannot be determined, however, whether the C2′-endo pucker occurs when the GA pair is in the major or minor conformation or both.
It is also not possible to define the minor conformation of (GCiGGAiCGCA) 2 . Two chemical shift changes complementary to those observed in (GGiCGAiGCCA) 2 are consistent with a transient imino GA pair. In the minor conformation, (1) the iC6H1′ proton is shifted 1.65 ppm downfield relative to the Figure 6 . Stacking between GC or iGiC pairs and imino or sheared GA pairs. Structures derived from NMR data are labeled "Exp." Structures labeled "Model" were generated from the NMR structures by transposing the amino and carbonyl groups on the GC or iGiC pair. The top pair is GC or iGiC. The colors represent the electrostatic potential surfaces calculated with the program GRASP 67 using RESP partial charges. 7, 46, 68 The reference frame for each structure is based on the GA base pair, and the structures were reoriented with the program 3DNA. 69 Electrostatic potential surfaces were created around the GA pair with a probe radius of 1.4 Å and solvent and internal dielectric constants of 80.0 and 2.0, respectively. Red and blue regions represent negative and positive potential, respectively, with the spectrum covering -30 to +30 kT/e. major sheared GA conformation ( Figure S3 and Table S2 ), suggesting that it is no longer significantly influenced by the shielding effect of the adenine ring current, and (2) G4H1 is shifted 2.1 ppm downfield (Figure 2, 3 , and Table S2 ) suggesting involvement in a hydrogen bond. Furthermore, the shift of G4H1′ in the minor conformation is similar to the shifts of G4H1′ in the imino conformations of (GGiCGAiGCCA) 2 and (GCGGACGC) 2 (∼5.9 ppm). All these data taken together suggest that these duplexes can switch between sheared and imino conformations.
Conclusions
Improved understanding of the sequence dependence of energetics, structures, and dynamics of RNA internal loops may facilitate prediction of three-dimensional as well as secondary structure. 1, 2, 6, 14, 59, 65, 66 Many interactions determine the structures and thermodynamic stabilities of internal loops with tandem GA pairs. The data here provide benchmarks to test computational approaches for understanding the relative importance of the various interactions and thus provide the power to predict structure, stability, and dynamics for other internal loops.
